Abstract: Simple sequence repeat (SSR) markers can be applied to genotyping projects at low cost with inexpensive equipment. The objective of this study was to develop SSR markers from the publically-available genome sequence of Brassica rapa and provide the physical position of these markers on the chromosomes for use in breeding and research. To assess the utility of these new markers, a subset of 60 markers were used to genotype 43 accessions of B. rapa. Fifty-five markers from the 10 chromosome scaffolds produced a total of 730 amplicons, which were then used to perform a phylogenetic analysis of the accessions, illustrating their utility in distinguishing between a wide range of germplasm. In agreement with similar studies of genetic diversity, our markers separated accessions into distinct genetic pools including Chinese cabbage, Chinese winter oilseed, European winter oilseed, Canadian spring oilseed, pak-choi, turnip, and yellow sarson. The results further illustrate the presence of a high level of genetic diversity in B. rapa, and demonstrate the potential of these SSR markers for use in breeding and research.
Introduction
The family Brassicaceae includes different oilseed and vegetable crops that occur as diploid and amphidiploid species. The three Brassica genomes, A, B, and C, in the diploid species B. rapa (2n = 20), B. nigra (2n = 16), and B. oleracea (2n = 18), respectively, evolved from a common ancestral genome, and the amphidiploid species B. napus (AACC, 2n = 38), B. juncea (AABB, 2n = 36), and B. carinata (BBCC, 2n = 34) evolved from the diploid species through interspecific hybridization (Song et al. 1988; Schranz et al. 2006) . Of the three Brassica genomes, understanding the A genome is particularly significant as many economically important vegetables and oilseed crop species, such as B. rapa, B. napus, and B. juncea, carry this genome. The sequence of the Brassica A genome, published in 2011 (Wang et al. 2011) , provides a great resource to breeders and researchers for genetic improvement of these crop species through integration of molecular tools, such as molecular markers, in breeding.
Different types of molecular markers, such as random amplified polymorphic DNA (RAPD), restriction fragment length polymorphisms (RFLP), amplified fragment length polymorphisms (AFLP), and simple sequence repeats (SSR), have been developed in the past and used in breeding for various purposes including genetic diversity analyses or molecular fingerprinting of germplasm (reviewed in Snowdon and Friedt 2004) . Simple sequence repeats (SSRs) are stretches of tandemly repeating nucleotides that generally occur throughout the whole genome. Their value as markers arise from their ease of detection, the co-dominance of their multiple alleles, as well as the fact that they are often designed from specific sequences (Powell et al. 1996) . This marker type was found to be useful in various breeding applications, such as analysis of genetic diversity among the different accessions of B. napus (e.g., Hasan et al. 2006; Bus et al. 2011; Gyawali et al. 2013 ) and B. rapa (e.g., Ofori et al. 2008; Fu and Gugel 2009; Annisa et al. 2013) , assessment of the extent of allelic diversity introgressed from the exotic gene pool into crop germplasm (e.g., Kebede et al. 2010) , and molecular mapping of traits for identification markers for use in breeding (e.g., Kebede et al. 2012; Rahman et al. 2014; Kebede and Rahman 2014) .
SSR markers can be developed from expressed sequence tags (ESTs), the ends of bacterial artificial chromosomes (BACs), and genome sequence surveys (GSS); however, these markers must be mapped against each other to localize them in the genome Li et al. 2013; Yu et al. 2013) . While single nucleotide polymorphisms (SNPs) can be used in high-throughput genotyping (Mammadov et al. 2012) , the resources and technical capacity to generate and analyse the data are not always available to breeders. SSRs, therefore, remain an attractive tool to many plant breeders and researchers, especially small breeding and research programs, as gel based detection systems remain economical (Wang et al. 2003) . The genome sequence information now allows for the development of markers from exact physical positions on the chromosomes as well as identification of the markers linked to other genomic features, such as the genes and regulatory elements (Sonah et al. 2011; Iquebal et al. 2013; Shi et al. 2014; Zhang et al. 2014; Song et al. 2015) . In this regard, a set of SSR markers, designed based on the sequence of the Brassica A genome, will be a valuable resource to breeders and researchers for the improvement of B. rapa, B. napus, and B. juncea.
When developing markers based on genome sequence information, it is important to evaluate the reliability of these markers for use in breeding and research. The objectives of the present study were to identify SSR motifs throughout the whole genome of B. rapa, develop primer pairs for their amplification, and examine their utility in genotyping a wide range of B. rapa germplasm. We then examined the phylogenetic relationships between the varying accessions of B. rapa and compared our data against prior studies to evaluate the usefulness of the newly designed SSR markers for use in breeding and research.
Materials and Methods

Identification of SSRs
The B. rapa cv. Chiifu genome sequence assembly (v1.5; Wang et al. 2011 ) was downloaded from www.brassicadb. org. SSR markers were then identified as previously described (Sonah et al. 2011) . In brief, a Perl script (MISA -MicroSAtelitte identification tool (http://pgrc. ipk-gatersleben.de/misa/) was used to identify microsatellites in the genome. Only 1-6 nucleotide motifs were considered, and repeat unit minimums were applied: 10 for mono-, 6 for di-, and 5 for tri-, tetra-, penta-, and hexanucleotide repeats. Compound SSRs were defined as ≥2 SSRs interrupted by ≤100 nucleotides.
The distribution of SSRs amidst gene space was determined by first recording the start and stop positions of each SSR, coding sequence (CDS), and gene on the 10 chromosome scaffolds (additional sequence scaffolds were ignored in this study). A short Perl script was then used to determine if the start and stop positions of the SSR were located within the start and stop boundaries of CDS or the full gene, or whether it merely overlapped the ends.
Designing SSR primers
Sequences comprising 500 bp up-and down-stream of the SSRs were isolated and formatted for batch primer design using customized versions of two interface Perl scripts (p3_in.pl and p3_out.pl; http://pgrc. ipk-gatersleben.de/misa/). Primer pairs were designed around the SSRs using primer3_core (http://primer3. sourceforge.net/releases.php) in batch mode. Primer design parameters were: 150-350 bp amplicon size, 60°C optimal annealing temperature, 20 bp optimal primer length, and 50% optimal GC content. A maximum of three sets of primer pairs were designed for each SSR, when possible, to provide alternatives if the amplification was initially unsuccessful. Marker redundancy was tested with e-PCR (Schuler 1997) , looking at each primer pair prediction separately. e-PCR searched for potential products of predicted amplicon size ±150 bp, allowing for 2 mismatches and 1 indel per primer. A word size of 10 was used in the e-PCR search. The nomenclature of primer pairs is chromosome number (e.g., A05), followed by SSR number along the length of the chromosome (e.g., SSR number 316 on chromosome A05 -> A05_316).
Brassica rapa accessions
To assess the utility of the newly designed SSR markers, we genotyped 43 B. rapa accessions (Table 1 ) and two accessions of B. napus as outgroups with 60 primer pairs (Table 3) . Amongst the B. rapa used, 19% were described as spring oilseed, capable of flowering without vernalization, whereas 33% were described as winter oilseed materials, noted for their biennial growth habit. Subspecies rapifera represented our third largest population, comprising 19% of our materials, with the remaining materials consisting of 16% pekinensis, 9% trilocularis, and 4% chinensis. Additional details regarding many of the selected accessions can be found elsewhere (Hasan et al. 2012) .
Genomic DNA from the 45 accessions was isolated from the young leaves of representative individuals, as follows. Onehundred milligrams of leaf tissue was frozen in liquid for 10-15 min, before undergoing a 400 μL chloroform extraction. Samples were centrifuged at 12 000 rpm for 5 min, whereupon 300 μL of supernatant was mixed with 300 μL isopropanol to precipitate the DNA. After centrifugation, DNA pellets were washed with 70% ethanol and resuspended in 100 μL TE buffer. DNA samples were further diluted to 25 ng μL −1 in miliQ water.
Primer selection and amplification
A database of Brassica SSR primers from Agriculture and Agri-Food Canada (AAFC) was aligned to the B. rapa genome using e-PCR (allowing for 1 mismatch and 1 indel per primer; Schuler 1997). Based on this alignment, six new SSR primer pairs for each of the 10 chromosomes were selected. Primer pairs were selected if they surrounded commonly used di-nucleotide repeats, whose repetition lay between 28 bp and 200 bp in length based on a greater likelihood for long repeats to result in more numerous polymorphisms (Guichoux et al. 2011) . A universal M13 sequence tag (5′-CACGACGTTGTAAAA CGAC-3′) was attached to the 5′ end of the forward primer of each marker set. The 60 markers were then screened against genomic DNA from the 45 accessions, testing for success of amplification and length polymorphisms. PCR reactions were performed in a 13 μL volume containing 25 ng of genomic DNA, 4 nM each of forward and reverse primer, 0.2 mM dNTPs, 1X Colorless GoTaq Flexi Buffer (Promega), 2 μM MgCl 2 , 0.2 nM fluorescent epitope (FAM, VIC, NED, or PET; Applied Biosystems) tagged M13 primer, and 0.625 U GoTaq Flexi DNA polymerase (Promega). Thermocycler conditions included an initial denaturation at 95°C for 5 min, followed by 35 cycles of a 30 s 95°C denaturation, primer annealing at 58°C for 30 s, and primer extension at 72°C for 45 s. A final extension at 72°C for 7 min was performed and samples were frozen at −20°C until electrophoresis. PCR products were resolved by capillary electrophoresis, using an Applied Biosystems 3730 DNA Analyzer according to manufacturer's instructions.
Marker analysis SSR markers were scored based on fragment length, with a 1 or 0 assigned according to the presence or absence of an amplicon of given size. Using NTSYSpc (Rohlf 2009 ), a matrix of Dice similarity coefficients (Nei and Li 1979) was prepared with the SIMQUAL module. Distance measures were calculated by subtracting the similarity score from 1. A UPGMA cluster analysis was then performed using MEGA6 (Tamura et al. 2013) .
To calculate polymorphic information content (PIC; Xu 2010), marker amplicons were treated as dominant alleles, where for allele frequency (p) and null allele frequency (q): q = no: of individuals lacking amplicon total no: of individuals
Results
Microsatellite marker development
A total of 122 388 SSRs were identified amidst the 10 chromosome scaffolds in the B. rapa genome assembly (Table 2) . From the 122 388 SSRs, a total of 119 012 SSR markers were successfully designed, of which 104 188 (87.5%) markers were validated by e-PCR as single locus markers. This is slightly higher than that obtained in the full genome identification of Brachypodium SSRs, where researchers obtained 83.7% marker validation via e-PCR (Sonah et al. 2011) . The full list of predicted singlelocus markers designed for the Brassica A genome is provided in Supplementary Table S1 .
Marker utility
Of the 60 markers, 55 (91.7%) displayed products of expected size (Table 3) . Of these 55 successful markers, 6 were found to be within gene introns (Supplementary Table S1 ). The number of alleles amplified by the SSR markers ranged from 5 (SSR A09_4712 and A10_4520) to 25 (SSRs A02_13002 and A05_4730), resulting in high values of polymorphic information content (PIC > 0.7) for most of the markers, with the exception of the marker A04_5262 (PIC = 0.573) whose amplicons were shared by many accessions.
Using data from 55 SSR markers, totalling 730 alleles, we performed a phylogenetic analysis of the B. rapa genotypes using UPGMA clustering (Fig. 1) . In general, the genotypes belonging to the same morphotype clustered together; for instance, all Chinese cabbage accessions fall into one group. However, geographic source (or breeding history) appeared to have a strong influence in delineating accession groupings. For instance, winter oilseed materials sourced from China formed a group distinct from European winter oilseed, and were placed next to pak-choi. Similarly, 'Tori-7', a spring oleifera from Bangladesh appeared to diverge from the yellow sarson cultivars and lines from the same region, rather than clustering among Canadian spring oleifera. The B. napus cultivars 'Altex' and 'Apollo' were placed in a separate clade, apart from all B. rapa accessions.
Discussion
In the present study, we identified 122 388 SSRs amidst the 10 chromosome scaffolds of the B. rapa genome sequence assembly for applications in plant breeding and research. This is fewer than the 140 998 SSRs identified by Shi et al. (2014) , which may be explained by our decision to focus only on the ten chromosome scaffolds, as opposed to the additional 40 357 un-linked scaffolds (39 193 of which were under Note: (i) SSRs are classified as mono-, di-, tri-, tetra-, penta-, and hexa-nucleotide repeats. Compound repeats are any multiple of SSR sites separated by fewer than 100 nucleotides.
(ii) Start and stop positions of identified SSRs and annotated elements from the B. rapa assembly annotation file were compared. Exons were extracted from the un-concatenated blocks of CDS in the B. rapa assembly annotation file (www.brassicadb.org). Full length genes contained both CDS and intervening genome sequence from the start to stop codons. SSRs located entirely within an annotation block are listed as being "Inside". SSRs which extend from an annotated element into intervening genomic sequence are listed as "Overhanging". A count of de novo SSR sequences from extracted CDS of the respective genes is also provided. 1 kb in size). In contrast, differences in SSR counts here and those (20 836 SSRs) reported by Song et al. (2015) may be attributed to a difference in methodology, where they chose to define SSRs using higher values for their minimum repeating units; for instance, refusing to accept mono-nucleotide SSRs if there were fewer than 18 repeats, as opposed to the minimum of 10 used in our study. Differences in SSR counts may also be attributed to the assembly versions and B. rapa varieties analyzed. In terms of distribution, the SSRs displayed an average separation of 2.1 kb/SSR, with the more commonly used dinucleotide SSRs (Guichoux et al. 2011) showing an average separation of 10.7 kb/SSR. In agreement with Shi et al. (2014) , we found the highest concentration of SSRs to be in chromosome A3; however, we found the lowest concentration in A5 while Shi et al. found the lowest concentration in A1. This difference might be due to the types of scaffolds used in these two studies, as explained above. Among the 122 388 SSRs identified, we were capable of designing primers for 119 012 SSRs; however, alternative primer design specifications may alter this number. Shi et al. (2014) designed 115 869 SSR markers from the B. rapa genome and 185 662 markers from the B. oleracea genome. Of the total 301 531 markers, they tested a total of 3974 markers from B. rapa and B. oleracea genomes for polymorphism in six B. napus lines and cultivars. Several markers were found to produce multiple e-PCR products, suggesting that these markers may amplify more than one genomic region. Given the fact that the Brassica A (B. rapa) and C (B. oleracea) genomes evolved from a common ancestral genome (Parkin 2011) , it is not surprising that a marker would amplify multiple regions of a genome or regions of more than one genome. Shi et al. (2014) also provided sequence information of the 3974 markers; however, assignment of these markers to the chromosomes and their physical position is missing. In contrast, we designed 119 012 SSR markers from the defined 10 A genome chromosomes of B. rapa, where 104 188 markers were predicted to amplify a single locus, and provide up to three alternate primer sequences for each of the 104 188 markers (Supplementary Table S1 ). SSR markers that amplify a single genomic region are generally preferred by researchers. We also provide the physical position of the 104 188 markers (Supplementary  Table S1 ) on the 10 B. rapa chromosomes; this information will enable researchers to identify candidate genes around the region of the markers through the use of whole genome sequence information of B. rapa. Fig. 1 . Phylogram depicting genetic similarity of 43 accessions of Brassica rapa and two B. napus cultivars (as outliers) based on 55 simple sequence repeat (SSR) markers amplified 730 alleles. The phylogeny was inferred using the unweighted pair-group method with arithmetic mean (UPGMA) clustering of pairwise similarities based on the Dice coefficient (Nei and Li 1979) . Accession names are provided, and common classifications are indicated when clustered in groups of two or greater. The optimal tree with the sum of branch length = 14.22247707 is shown. The tree is drawn to scale, with branch lengths in the same units as the distance used to infer the phylogram. Phylogenetic analyses were conducted using NTSYS-pc 2.1 and MEGA6.
We conducted an analysis of genetic diversity in B. rapa using our SSR markers to evaluate the utility of these markers. Brassica rapa includes many important vegetables with a wide variety of shapes, sizes, and growth habits, such as, the leafy vegetables chinensis (Pak-choi), pekinensis (Chinese cabbage), and nipposinica (Mizuma), the root vegetable/fodder rapa, and oilseed types belonging to the subspecies oleifera, trilocularis, and dichotoma (Gupta and Pratap 2007) . Over the years, several researchers have measured genetic diversity in a number of B. rapa accessions using a wide array of techniques and tools (McGrath and Quiros 1992; Simonsen and Heneen 1995; Das et al. 1999; Zhao et al. 2005; Warwick et al. 2008; Annisa et al. 2013) and placed these in different gene pools. Therefore, we included all different variants of this species for evaluation of the utility of the SSR markers designed based on the genome sequence of B. rapa. The wide diversity of morphotypes in B. rapa is suggestive of diversity in the gene pool of this species; however, single gene mutations or a small change in the genome can also result in remarkable phenotypic differences. An example of small changes producing clear phenotypic differences includes the inactivation of the gene CAULIFLOWER, which produces cauliflower-like curds in Arabidopsis (Kempin et al. 1995) . Indeed, a small change in FLOWERING LOCUS C, too, can alter the timing of flowering and the requirement for vernalization in B. napus (Tadege et al. 2001; Hou et al. 2012) . The control of cabbage head shape by miRNA319a in B. rapa (Mao et al. 2014 ) is yet another example of large phenotypic changes controlled by few genes. Therefore, it is important to assess genetic diversity at the whole genome level and include markers that spread throughout the whole genome. In agreement with prior reports (McGrath and Quiros 1992; Simonsen and Heneen 1995; Zhao et al. 2005; Warwick et al. 2008; Annisa et al. 2013) , our observations show materials can be grouped based on their use, growth habit, and geographic origin (Fig. 1) . Among the oleifera accessions, the Canadian spring and the European winter oilseeds clustered close to the turnip clade; this is in agreement with the descriptions of their development from turnips in the last two centuries (Gupta and Pratap 2007) . Chinese winter oleifera accessions, described as an independent development (Sun et al. 2004) , clustered alongside Pak-choi and suggest evolution from an ancestor of modern Pak-choi, as has been described by Zhao et al. (2005) . The 'yellow sarson' formed its own cluster in contrast to Zhao et al. (2005) , where this group was found to be closely related to spring oleifera. However, we note that the majority of our spring oleifera accessions were from Canada, whereas the majority of spring oilseed cultivars studied by Zhao et al. (2005) originated from India and Bangladesh, which were similar to our 'Tori-7'. Thus, our data suggests that the spring B. rapa oilseeds in Canada and South-East Asia formed two distinct gene pools, and the results agree with Annisa et al. (2013) ; however, variation within the Canadian and South-East Asian spring oilseed type can also be found (Fig. 1) . Fu and Gugel (2009) studied genetic diversity in 294 plants belonging to one landrace and nine B. rapa cultivars released by a Canadian breeding program, by use of 18 SSR primer pairs, and found the existence of genetic variation among the accessions as well as within the accessions. Thus, genetic variation between the accessions within a gene pool can be found, as we also found in this study; however, variation within the accessions of this allogamous crop can also be found for use in breeding.
With the use of these new SSR markers, we also found that the turnips in our study did not produce a monophyletic clade, with the 'White Lady' cultivar, described commercially as an 'Oriental Hybrid', clustering amidst the Pak-choi and Chinese winter oilseeds. Previous studies have indicated that turnip cultivars from Japan produce a distinct clade apart from European turnips (Zhao et al. 2005) , although no conclusion has been reached as to whether this is a reflection of the introgression of alleles from nearby vegetable materials into the local turnip germplasm, or the independent evolution of the turnip morphotype in the two regions. Nevertheless, the degree of genetic distance displayed between 'White Lady' and other turnip accessions suggest it might prove a useful parent in new turnip breeding programs.
Conclusion
The analysis of genetic diversity of the B. rapa accessions broadly agreed with the results published by other researchers and based on the use of other types of markers, such as AFLP (Warwick et al. 2008) , as well. Thus, the SSR markers we developed based on the genome sequence of B. rapa cv. Chiifu (Wang et al. 2011) provide valuable tools for use in breeding and research. Our analysis of genetic diversity also illustrates how SSR motifs and primer sequences derived from a single variety of B. rapa (cv. Chiifu) can be applicable across a diverse background of genetic material, and can be applied to Brassica breeding programs in searches for sources of genetic variation.
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